It is widely accepted that the first photosynthetic eukaryotes arose from a single primary endosymbiosis of a cyanobacterium in a phagotrophic eukaryotic host, which led to the emergence of three major lineages: Chloroplastida (green algae and land plants), Rhodophyta, and Glaucophyta. For a long time, Glaucophyta have been thought to represent the earliest branch among them. However, recent massive phylogenomic analyses of nuclear genes have challenged this view, because most of them suggested a basal position of Rhodophyta, though with moderate statistical support. We have addressed this question by phylogenomic analysis of a large data set of 124 proteins transferred from the chloroplast to the nuclear genome of the three Archaeplastida lineages. In contrast to previous analyses, we found strong support for the basal emergence of the Chloroplastida and the sister-group relationship of Glaucophyta and Rhodophyta. Moreover, the reanalysis of chloroplast gene sequences using methods more robust against compositional and evolutionary rate biases sustained the same result. Finally, we observed that the basal position of Rhodophyta found in the phylogenies based on nuclear genes depended on the sampling of sequences used as outgroup. When eukaryotes supposed to have never had plastids (animals and fungi) were used, the analysis strongly supported the early emergence of Glaucophyta instead of Rhodophyta. Therefore, there is a conflicting signal between genes of different evolutionary origins supporting either the basal branching of Glaucophyta or of Chloroplastida within the Archaeplastida. This second possibility would agree with the existence of the subkingdom Biliphyta, joining Glaucophyta and Rhodophyta.
Introduction
Despite some discordant views (e.g., Stiller et al. 2001; Nozaki et al. 2003) , most authors accept that the primary photosynthetic eukaryotes (PPEs) derive from a single endosymbiotic event of a cyanobacterium within a heterotrophic eukaryotic host. Therefore, the three major groups Chloroplastida (including green algae and land plants), Rhodophyta, and Glaucophyta have been classified within a unique eukaryotic supergroup called Archaeplastida (Adl et al. 2005) or Plantae (Cavalier-Smith 1982) . These three lineages share the presence of two-membrane-bound plastids, which distinguish them from the .2-membrane-bound plastids found in all the secondary photosynthetic eukaryotes, derived from the endosymbiosis of eukaryotic green or red algae within eukaryotic hosts (Delwiche 1999; Moreira and Philippe 2001; Reyes-Prieto et al. 2007; Gould et al. 2008) . In addition to this ultrastructural similarity, the phylogenetic analysis of plastid-encoded (Helmchen et al. 1995; Martin et al. 1998; Bachvaroff et al. 2005; Reyes-Prieto and Bhattacharya 2007b; Rodríguez-Ezpeleta, Brinkmann, Burger, et al. 2007 ) and, more recently, of nucleus-encoded Rodríguez-Ezpeleta et al. 2005; Hackett et al. 2007; Rodríguez-Ezpeleta, Brinkmann, Burger, et al. 2007; Burki et al. 2008 ) individual or multiple genes have also provided support for a single origin of the PPE.
Therefore, the monophyly of the three PPE groups forming the supergroup Archaeplastida is now well supported by extensive phylogenomic analyses, but their internal relationships and, most importantly, the identity of the first group of photosynthetic eukaryotes to emerge, remain controversial. Glaucophyte plastids (often called ''cyanelles'') have kept several ancestral characters found in cyanobacteria. Two of the most remarkable among them are the presence of a typical bacterial peptidoglycan cell wall and of carboxysomes similar to those found in cyanobacteria (Pfanzagl et al. 1996) . This would support the fact that glaucophytes were indeed the first group to have diverged within the Archaeplastida. Additional support for this hypothesis has been provided by phylogenetic analyses of individual or concatenated plastid genes, which have frequently retrieved the basal position of glaucophyte plastids among all plastids, although most often with weak statistical support (Helmchen et al.1995; Martin et al. 1998) and popularized the idea that glaucophytes were the first PPE to diverge. Nevertheless, other cytological and phylogenetic studies have contradicted this view. For example, a closer inspection of plastid genes has revealed that they contain contradictory information (Vogl et al. 2003) , to the point that recent multi-gene phylogenetic analyses have failed to retrieve a basal position for glaucophytes depending on the set of plastid genes used. In fact, using 22 conserved plastid proteins, Rodríguez-Ezpeleta et al. found that glaucophyte and rhodophyte plastids branched together, so that those of green algae and plants emerged at a basal position, whereas the use of a larger set of 50 plastid-encoded proteins retrieved the classical basal position of glaucophytes with moderate statistical support (Rodríguez-Ezpeleta et al. 2005) . Nuclear markers have provided even more conflicting results, because glaucophytes are very rarely retrieved at basal position. Surprisingly, rhodophytes emerge first in most trees based on massive data sets of nuclear markers (up to 143 proteins), though very often with moderate support (Rodríguez-Ezpeleta et al. 2005; Hackett et al. 2007; Burki et al. 2008) . Leigh et al. (2008) recently detected several genes putatively transferred by endosymbiotic gene transfer (EGT) from rhodophytes to heterokonts, a diverse group of eukaryotes whose photosynthetic members possess plastids derived from an ancient secondary endosymbiosis of a red alga (Martin et al. 1998; Delwiche 1999) . In multi-gene phylogenies containing these genes, rhodophytes can be attracted by heterokonts and perhaps also by other eukaryotic groups containing secondary plastids of red algal origin, leading to an artifactual basal position within the Archaeplastida or even to the polyphyly of the Archaeplastida (Leigh et al. 2008) .
Contemporary plastids have small genomes, as most of the original cyanobacterial symbiont genes were lost or transferred to the host nucleus (EGT) during the evolution of plastids (Martin et al. 1998) . Data sets based on those EGT genes may also serve to study the evolutionary relationships between the three groups of PPE using their cyanobacterial homologues as close outgroups, thus avoiding the potential problems derived from the inclusion of other eukaryotic species that may have acquired genes from red and green algae through secondary EGT events. In a recent phylogenomic survey, Reyes-Prieto and Bhattacharya (2007a) identified more than 100 EGT genes of cyanobacterial origin in the nuclear genomes of glaucophytes, rhodophytes, and green plants. They concatenated 19 of them, including representatives of the three Archaeplastida lineages and several cyanobacterial outgroups, to produce Maximum Likelihood (ML) phylogenetic trees that retrieved a basal position for the glaucophytes with strong support. Nevertheless, such a small data set may be strongly affected by diverse biases, the robust resolution of ancient nodes generally requiring much larger data sets (Rodríguez-Ezpeleta, Brinkman, Roure, et al. 2007 ). Yet, the use of nuclear genes of cyanobacterial origin appeared promising. Therefore, in this study, we have built a much richer data set of EGT markers, containing 124 conserved proteins found in green algae and plants, rhodophytes, glaucophytes, and cyanobacteria. In contrast with previous analyses, phylogenetic trees based on this data set strongly supported the basal emergence of green algae and plants within the Archaeplastida. Furthermore, using methods to decrease the impact of biases due to unequal evolutionary rates and amino acid composition, we retrieved the same result when reanalyzing the data sets of plastid-encoded markers. In contrast, all our analyses of non-EGT nucleus-encoded markers supported the early emergence of glaucophytes, indicating that there is a conflicting signalbetween two different topologies, the greens-and the glaucophytes-early, for the internal phylogeny of the Archaeplastida.
Materials and Methods

Data Set Construction
To identify the set of genes of chloroplast origin in the complete nuclear genome sequences (EGTs) of Chloroplastida (green algae and plants) and Rhodophyta, we constructed a local database containing all protein sequences encoded by 302 complete genomes (5 nonphotosynthetic eukaryotes, 5 green algae and plants, 2 red algae, 38 cyanobacteria, and 250 species covering all sequenced bacterial phyla, see the complete list in supplementary table 1, Supplementary Material online). We also added the translated sequences of all available expressed sequence tags (ESTs) of the two glaucophytes Cyanophora paradoxa and Glaucocystis nostochinearum, and of two additional red algal species (Porphyra yezoensis and a combination of two species, Gracilaria changii þ Chondrus crispus, into a single taxon Floridophyte sp.). Sequences from all species used in this work were retrieved from public databases (http://www.ncbi.nlm.nih.gov, http://merolae.biol.s.u-tokyo. ac.jp, http://genomics.msu.edu/galdieria, and http://genome. jgi-pfs.org/euk_home.html). We carried out BlastP (Altschul et al. 1997 ) searches, using a cut-off expectation value of 1eÀ05, against the database using the complete set of proteins of Cyanidioschyzon merolae (rhodophyte), Ostreococcus lucimarinus (green alga), and Arabidopsis thaliana (green plant) as queries. We screened the BlastP results to detect EGT proteins as those 1) encoded in these three genomes, 2) more similar to cyanobacterial than to nonphotosynthetic eukaryotic homologues, and 3) more similar to cyanobacterial than to alphaproteobacterial homologues (the latter being of probable mitochondrial origin). We then eliminated sequences not found in glaucophytes, to end up with a list of 299 proteins, for which we aligned all homologues present in our database and reconstructed phylogenetic trees by the ML approach after removal of gaps and ambiguously aligned positions (see below). The resulting 299 trees were manually inspected to exclude all cases where the Archaeplastida branched far from the Cyanobacteria, keeping a final list of 124 EGT proteins (see supplementary table 2, Supplementary Material online). In the cases where multiple paralogs were present in the Archaeplastida, we manually selected the sequences that most likely corresponded to orthologs based on the ML phylogenetic trees.
We followed a similar procedure to analyze the proteins encoded by chloroplast genomes. We constructed a database containing protein sequences from 10 plastid genomes (1 glaucophyte, 5 green algae and plants, and 4 rhodophytes) and 38 cyanobacterial genomes. All protein sequences from the largest plastid genome (P. yezoensis) were compared against all the other plastid and cyanobacterial genome sequences, which allowed identifying 55 that were present at least in the glaucophyte cyanelle, 2 of the green chloroplasts, and 2 of the red plastid genomes. For both nucleus-encoded and chloroplast-encoded gene data sets, cyanobacterial species with small genomes, such as Prochlorococcus spp., containing many missing data were removed from the subsequent analyses.
Phylogenetic Analyses
Sets of homologous protein sequences were aligned using MUSCLE (Edgar 2004) and conserved regions of the resulting multiple sequence alignments were identified with GBlocks (Castresana 2000) , allowing a maximum of 50% gaps per position. The individual proteins were concatenated in random order to generate the multi-protein data sets. ML tree reconstructions and likelihood calculations were done with the program TREEFINDER (Jobb et al. 2004 ) with the LG þ C model (Le and Gascuel 2008) with four rate categories, which was selected as the best-fit model for all our individual and concatenated data sets by the model selection tool implemented in TREEFINDER (Jobb et al. 2004) . Node support was assessed by 1,000 bootstrap replicates with the same model. Bayesian Inference (BI) of phylogenetic trees was done with the program PHYLOBAYES using the site-heterogeneous mixture model CAT (Lartillot and Philippe 2004) . For each data set, four independent runs were carried out until convergence (maxdiff value ,0.1 for the frequency of all bipartitions), and the consensus tree from the four runs was constructed by sampling trees every 10 generations after those from the first 20,000 generations were discarded as burn-in to calculate the final posterior probabilities. In addition, to test the effect of compositional biases, several protein sequence data sets were recoded as nucleotide sequences using the Dayhoff amino acid groups (Rodríguez-Ezpeleta, Brinkman, Roure, et al. 2007 ) and analyzed by ML using the general time reversible (GTR) þ C þ I model (Waddell and Steel 1997) implemented in TREE-FINDER (Jobb et al. 2004 ) and by BI with the CAT þ GTR model implemented in PHYLOBAYES (Lartillot and Philippe 2004) . Statistical comparison of alternative tree topologies was carried out with the approximately unbiased (AU) test (Shimodaira 2002 ) available in TREE-FINDER (Jobb et al. 2004) .
Data set mutational desaturation (i.e., removal of fastevolving positions) was carried out in two phases: 1) Calculation of the sitewise evolutionary rate was carried out using a topology with a multifurcation of the three groups of PPEs and the program TREEFINDER (Jobb et al. 2004) with the LG þ C or the GTR þ C þ I model to analyze the multiple protein or nucleotide sequence alignments, respectively, using eight discrete rate categories. 2) Progressive removal of the alignment positions belonging to each of the eight rate categories, beginning with the fastest one. Each resulting alignment was analyzed by ML to reconstruct phylogenetic trees as described above. TREEPUZ-ZLE v5.2 (Schmidt et al. 2002) was used to test the homogeneity of amino acid sequence composition.
Results and Discussion
Detection and Phylogenetic Analysis of EGT Markers: Proteins of Chloroplast Origin in the Nuclear Genomes of Archaeplastida Using the complete proteome sequences of several Archaeplastida species as queries, we detected the set of proteins possessing similar homologues in cyanobacteria using a Blast approach, refined by subsequent phylogenetic analysis of all putative candidates (see Materials and Methods) . This allowed us to identify 124 EGT proteins present in at least one species of Chloroplastida, Rhodophyta, and Glaucophyta. This data set included 16 of the 19 EGT proteins selected by Reyes-Prieto and Bhattacharya (2007a), the remaining 3 (phytoene desaturase, chlorophyll a synthase, and PS-II oxygen-evolving complex protein) were not retrieved by our EGT gene detection protocol. We constructed a first concatenation with these 124 EGT proteins, containing 28,603 amino acid sites and a maximum of 76.7% missing data in the glaucophyte G. nostochinearum (see supplementary table 3, Supplementary Material online). We used a set of cyanobacterial species as outgroup, excluding those with small genomes (e.g., Prochlorococcus spp.) because they contained a large amount of missing data.
In contrast with previous published analyses, ML, and BI phylogenetic trees based on this data set supported with maximal statistical values (100% bootstrap proportion [BP] and posterior probability [PP] of 1) the basal emergence of green algae and plants within the Archaeplastida (fig. 1a) . To improve the taxonomic sampling, we constructed a second concatenation of the 124 markers including two additional red algae for which only partial data were available (P. yezoensis and a combination of two related species, G. changii þ C. crispus, combined into a single taxon Floridophyte sp. to minimize the amount of missing data, see supplementary table 3, Supplementary Material online). As in the previous case, ML and BI phylogenetic trees strongly supported the basal position of the Chloroplastida (fig. 1b) . This contrasted sharply with previous results based on the analysis of chloroplast markers (Rodríguez-Ezpeleta et al. 2005) or on relatively small EGT data sets (Reyes-Prieto and Bhattacharya 2007a), which tended to support the basal branching of glaucophytes, as well as with those based on large concatenations of conserved nuclear genes (Rodríguez-Ezpeleta et al. 2005; Hackett et al. 2007; Burki et al. 2008) , which in general supported the basal branching of rhodophytes. We therefore investigated the possible reasons for that discrepancy, in particular if systematic errors were responsible for the branching pattern found in our analyses. We first tested whether the presence of a particular protein with a strongly biased signal (e.g., because of hidden paralogy) could explain our results. To do so, we reconstructed a series of phylogenetic trees based on concatenations of 123 proteins excluding one of the 124 proteins each at a time. In all cases, the trees were identical to that based on the complete data set (data not shown).
To study the impact of systematic errors, we followed procedures that have shown their efficacy in alleviating sequence compositional biases and long-branch attraction (LBA) artifacts (Rodríguez-Ezpeleta, Brinkman, Roure, et al. 2007 ). All our BI analyses were carried out using a site-heterogeneous mixture model (CAT) that copes better with those biases (Lartillot and Philippe 2004; Lartillot et al. 2007; Rodríguez-Ezpeleta, Brinkman, Roure, et al. 2007) . Nevertheless, to further decrease possible biases in amino acid composition, we recoded the amino acid sequences as four-character nucleotide sequences using the six Dayhoff amino acid groups but combining the two hydrophobic groups MVIL and FYW as a single one and considering the rare C as missing data, which allowed the use of a GTR matrix (Hrdy et al. 2004; Rodríguez-Ezpeleta, Brinkman, Roure, et al. 2007 ). ML and BI phylogenetic trees based on the recoded sequences produced the same results as the original amino acid data, namely, a maximal support for the early emergence of the Chloroplastida (supplementary fig. 1a and b, Supplementary Material online) . To reduce the impact of noise introduced by fast-evolving positions, we calculated the sitewise rates of our largest alignment to progressively eliminate a proportion of sites, beginning with the fastest-evolving ones (see Materials and Methods). This did not affect the relationships between the three groups of PPEs, except for a logical slight decrease of the statistical support when only a small proportion of sites remained (supplementary fig. 2 , Supplementary Material online). The combination of both approaches, that is, recoding and removal of fast-evolving sites, still yielded the same results (supplementary fig. 3 , Supplementary Material online). We further investigated the possibility of an LBA artifact by selectively removing the markers for which Chloroplastida showed the fastest evolution. For that, we Internal Phylogeny of the Archaeplastida 2747 computed the distance between Physcomitrella patens and A. thaliana, these two streptophytes being the pair of Chloroplastida species the most represented in our data sets with 116 occurrences. We then constructed a new concatenation excluding one-fourth of proteins, those that are the fastest evolving in the Chloroplastida (i.e., those with the largest distances between P. patens and A. thaliana). The phylogenetic analysis of the resulting 92-protein data set (23,226 amino acids) yielded again a topology where the Chloroplastida diverge first, with only a minor decrease of statistical support in comparison with the complete data set ( fig. 1c) . Therefore, using these different approaches, we could not find any clear evidence that the basal position of Chloroplastida in our analyses of the EGT data set was due to compositional or LBA artifacts.
Phylogenetic Signal in EGT Proteins and the Discrepancy with Previous Analyses of EGT Markers
As cited in the Introduction, the analysis by ReyesPrieto and Bhattacharya (2007a) of a data set of 19 EGT proteins yielded a strong support for the basal emergence of Glaucophyta within the Chloroplastida. To explain the disagreement between this analysis and our 124 markersbased phylogeny, we checked the strength of the phylogenetic signal contained in each single protein of our data set (containing 16 of the 19 EGT proteins used by these authors; Reyes-Prieto and Bhattacharya 2007a). This was a simple case because the internal phylogeny of the Archaeplastida presents only three possible topologies, depending on which of the three groups emerged first. We calculated the likelihood of these three topologies for each one of the 124 EGT proteins and plotted the result on a three-axis graphic where each marker was placed depending on the likelihood values for each topology (a protein not favoring any of the topologies would be placed in the middle, see fig. 2a ). This analysis showed that our data sets were not biased toward a specific topology. Only a very few proteins supported a particular topology, most others lacking enough phylogenetic information to discriminate between the three possible topologies.
Additionally, we built data sets of increasing length by concatenating 2-124 of our EGT proteins, repeating this operation 25 times by concatenating them in random order. For each concatenation (for a total of 3,100), we carried out AU tests (Shimodaira 2002) to check whether any of the three possible topologies could be significantly rejected. The median of the AU test probabilities for the set of 25 concatenations of a given length (fig. 2b ) demonstrated that the use of few markers produced results that were rarely significantly rejected (i.e., having P , 0.05, gray area in fig.  2b ), even if the topology placing the Chloroplastida at the most basal position was preferred in 94% of the cases. Despite the fact that some short multi-marker concatenations produced statistically significant results, our results indicated that a minimum amount of data, ;100 markers (;20,000 amino acid positions), was necessary to stabilize the statistical significance of the phylogenetic trees retrieved. This agrees with a recent analysis of signal conflict affecting the monophyly of Archaeplastida, which concludes that small data sets (,10,000 sites) may be severely biased (Inagaki et al. 2009 ). Therefore, the disagreement between our analyses of EGT proteins and previous ones (Reyes-Prieto and Bhattacharya 2007a) was most likely due to the small number of markers (19 proteins, 5,136 amino acid positions) used by these authors, yielding a concatenation more sensitive to stochastic error and other biases. Interestingly, the topology placing red algae at the base of the Archaeplastida was strongly rejected by all concatenations .60 proteins ( fig. 2b ) and, except for very short concatenations, had always the smallest likelihood values, in contrast with published phylogenomic multi-marker analyses based on nuclear genes placing red algae at the base of the Archaeplastida (Rodríguez-Ezpeleta et al. 2005; Hackett et al. 2007; Burki et al. 2008 ).
Analysis of Chloroplast-Encoded Markers
We have found strong support for the basal position of green plants within Archaeplastida using a large data set of nucleus-encoded proteins of chloroplast origin. Because the resolution of the relationships between the three groups of PPEs appeared to require a large amount of sequence data, we decided to test whether the glaucophytes-early topology derived from the analysis of the relatively small set of chloroplast-encoded genes might be artifactual. Thus, we found that chloroplast-encoded protein phylogenies might suffer from different biases leading to incorrect trees. First, a sequence composition test showed that both the rhodophytes and green algae þ plants chloroplastencoded proteins had sequences with an amino acid composition significantly different from that of glaucophyte chloroplast-encoded proteins and cyanobacteria (see Materials and Methods). Second, phylogenetic trees based on individual and concatenated chloroplast markers frequently showed rhodophytes and green algae þ plants with branches longer than those of glaucophytes ( fig. 3a) . To address these potential problems, we reanalyzed chloroplast data sets with methods known to be less prone to tree reconstruction artifacts due to compositional and heterogeneous evolutionary rate biases (Rodríguez-Ezpeleta, Brinkman, Roure, et al. 2007) . Using the 55 proteins shared by plastids of the three Archaeplastida groups (see Materials and Methods), we constructed a 9,177 conserved amino acid concatenation (with a maximum of 6.1% of missing data per species, see supplementary table 4, Supplementary Material online). ML analysis of this data set ( fig. 3a) retrieved the classical basal emergence of the glaucophyte within Archaeplastida with a moderate support (73% BP). As expected, green algae þ plants and rhodophyte chloroplasts showed branches remarkably longer than those of glaucophyte and cyanobacterial species, indicating a faster evolutionary rate. Using the same sequence recoding of amino acids into nucleotides as for the nucleus-encoded EGT protein sequences (see above), we retrieved an ML tree with a decreased support for the basal position of the glaucophyte (59% BP; supplementary fig. 4a, Supplementary Material online) . This was in agreement with a possible impact of compositional bias on the tree inference. Moreover, progressive removal of fast-evolving positions in the recoded alignment led to a shift in the position of the glaucophyte cyanelle branch, which became the sister of rhodophyte plastids when the 37% of sites were removed, reaching a maximum BP of 79% ( fig. 3b and supplementary fig. 4e , Supplementary Material online). Therefore, it appeared that the basal position of glaucophytes was retrieved only when the less informative, fast-evolving sites were progressively added (supplementary fig. 4 , Supplementary Material online), though we cannot exclude the possibility that removing those fast-evolving sites yielded a data set for which other undetected biases might be responsible for the shift in the Internal Phylogeny of the Archaeplastida 2749 position of the glaucophytes. Finally, we applied Bayesian phylogenetic inference with the site-heterogeneous mixture model CAT on the complete amino acid data set, retrieving again the sister-group relationship of the glaucophyte cyanelle and rhodophyte plastids (PP 0.89, fig. 3c ). The congruence of the results obtained using these various methods designed to decrease systematic phylogenetic error (Rodríguez-Ezpeleta, Brinkman, Roure, et al. 2007) suggested that the classical glaucophytes-early topology supported by plastid-encoded proteins was artifactual. It was most likely due to a combined compositional bias (attracting the glaucophyte sequence to the cyanobacterial outgroup) and an LBA artifact (attracting the green algae þ plants and the rhodophytes).
Reanalysis of Nucleus-Encoded Markers
As shown above, phylogenetic analyses of EGT and plastid-encoded proteins supported the early emergence of green algae þ plants or, in the case of plastid-encoded proteins, of glaucophytes if using methods more sensitive to systematic error. This sharply contrasted with almost all phylogenomic analyses of the general phylogeny of eukaryotes carried out using typical eukaryotic nucleus-encoded proteins as markers, which support moderately the basal branching of rhodophytes within the Archaeplastida (e.g., Rodríguez-Ezpeleta et al. 2005; Hackett et al. 2007; Rodríguez-Ezpeleta, Brinkmann, Burger, et al. 2007; Burki et al. 2008) . Nevertheless, inferring the internal phylogeny of the Archaeplastida from data sets containing a large taxonomic sample of other eukaryotic groups may be a problematic task. One possible source of error may arise from undetected EGTs linked to secondary plastid endosymbioses, in which green or red algae become endosymbionts of other eukaryotes. In fact, Leigh et al. (2008) have identified several genes transferred from rhodophytes to heterokonts, a eukaryotic group with photosynthetic members that possess plastids derived from an ancient secondary endosymbiosis of a red alga (Martin et al. 1998; Delwiche 1999) . The incorporation of these genes in phylogenomic analyses can lead to an attraction between rhodophytes and heterokonts producing an artifactual basal position of rhodophytes within the Archaeplastida or even the polyphyly of the Archaeplastida (Leigh et al. 2008) . To check this possibility, we have investigated the 143-protein data set used by Rodríguez-Ezpeleta et al. to study the phylogeny of eukaryotes (Rodríguez-Ezpeleta, Brinkmann, Burger, et al. 2007) , first by reconstructing ML phylogenetic trees for each individual protein. Although for a number of proteins the Archaeplastida did not form Internal Phylogeny of the Archaeplastida 2751 a monophyletic group, this appeared likely due to the lack of signal in these proteins rather than paralogy or horizontal gene transfer problems (data not shown). We were unable to identify any clear case of EGT involving rhodophytes but, to completely exclude the possibility that undetected EGT might be biasing the phylogenetic analyses, we decided to use as outgroup sequences those of eukaryotic groups that are accepted to never have had plastids: animals and fungi. We did not include the Amoebozoa in the outgroup because of their long branches.
Interestingly, the resulting phylogenetic tree strongly supported (97% BP and PP of 0.96) the basal emergence of glaucophytes instead of rhodophytes ( fig. 4a ). AU tests rejected both the early emergence of rhodophytes (P of 0.006) and green algae and plants (P of 0.049). We tested the possible impact of systematic biases on the robustness of this result by applying the same approaches as for the EGT and plastid-encoded protein data sets. Recoding of amino acid sequences into nucleotide sequences did not produce any significant change other than a slight decrease of support for the basal position of glaucophytes (91% BP and PP of 0.84, not shown). Similarly, removal of fast-evolving sites did not show any noticeable effect until the elimination of ;30% of all sites, yielding a 15,805 amino acid data set that still retrieved the basal emergence of glaucophytes but with much weaker support (66% BP and PP of 0.76, see fig.  4b ). The combination of both sequence recoding and removal of fast-evolving sites did not produce changes in the relationships between the groups but only a decrease in the support for the position of glaucophytes (data not shown). Therefore, although part of the support for the basal emergence of glaucophytes appeared to be found in the fastest-evolving sites of the data set, we were unable to retrieve support for an alternative topology, in particular the greens-early topology supported by the other data sets (see above).
Conclusions: The Greens-Early versus GlaucophyteEarly Conflict
The different sets of markers analyzed agreed in the rejection of the topologies with the rhodophytes at a basal position. In this sense, we observed a major impact of the outgroup in the case of the 143-protein data set of typical eukaryotic nuclear markers. The elimination of groups that have secondary plastid endosymbionts shifted the position of rhodophytes from the base to sisters of green algae and plants. One possible explanation might be that EGTs between rhodophytes and other eukaryotes might have escaped detection during the construction of this data set, inducing an artifactual basal placement of rhodophytes when the complete taxonomic sampling is used. In addition, we have shown that there is a conflict between the phylogenetic signal carried by the plastid-encoded and EGT makers, supporting the early emergence of green algae and plants, and the eukaryotic nuclear markers, which support the early emergence of glaucophytes. One possibility to increase the signal in order to perhaps solve this question would be to construct a larger concatenation including all the different markers. This would be easy for the Archaeplastida species, but not for the outgroups, which are cyanobacteria for the plastid-encoded and EGT makers and eukaryotes for the nucleus-encoded eukaryotic markers, so that a single, chimerical sequence could be produced using that approach. The use of such a poor sampling of outgroup sequences is problematic, so that a better strategy will probably be to enrich the sampling of markers (both EGT and nucleus-encoded eukaryotic proteins), which will be feasible as soon as the complete genome sequence of a glaucophyte species becomes available.
May other sources of information help to resolve the greens-early versus glaucophyte-early conflict? The classical view considering Glaucophyta as the oldest group of PPEs has been supported not only by molecular data but also by a number of characteristics that glaucophyte plastids share with cyanobacteria, for example, the presence of a peptidoglycan cell wall and carboxysomes (Pfanzagl et al. 1996 ) and a cyanobacterial-like fructose-1,6-bisphosphate aldolase, which has been lost in the Chloroplastida and the Rhodophyta, replaced by a duplicated copy of the cytosolic form (Rogers and Keeling 2004) . However, there are features that unite Glaucophyta and Rhodophyta, in agreement with our phylogenetic analyses supporting a greensearly topology, for example, the presence of phycobilisomes and nonstacked thylakoidal membranes (Kies and Kremer 1990) or the fact that they synthesize starch in the cytoplasm and not in their plastids (Plancke et al. 2008 ). This kind of mosaic evolution, where different features may show incompatible taxonomic distributions, has been important in shaping the current distribution of many characters in the three lineages of PPEs. This is a common theme in eukaryotic evolution, often linked to rapid diversification events (evolutionary radiations) . The evolutionary implications of the greens-early hypothesis are therefore multiple. From a taxonomic point of view, the greens-early topology would be in agreement with the existence of the eukaryotic subkingdom Biliphyta, proposed in the early 1980s to join the Glaucophyta and Rhodophyta (Cavalier-Smith 1982) .
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